1. Introduction {#sec1}
===============

The synthesis of observational data and model results to yield an estimate of the ocean state, particularly through the use of a smoothing method, is a promising approach to better understanding of climate change \[[@B1], [@B2]\]. Developments in computer science have made long-term state estimation of the global ocean a tractable problem \[[@B3]--[@B5]\].

Observations are crucial for determining the quality of ocean state estimations. The introduction of Argo profiling floats in the early 2000s significantly enhanced understanding of ocean climate variations \[[@B6]\]. The resulting global profiles of water temperature and salinity have become indispensable inputs for ocean state estimations.

Current data and surface pressure distributions are promising for input data. One recent study investigated the impact of using bottom pressure anomalies obtained from remote sensing data, in addition to mean sea surface heights, as an index of surface currents \[[@B7]\]. These have had various degrees of success in improving state estimations.

Argo floats provide information on their drift speed at their parking depth as well as at the sea surface \[[@B8]\]. Katsumata and Yoshinari \[[@B9]\] developed a scheme to derive from this information a map of average subsurface currents at 1000 dbar depth over the period 2000--2010.

In this study, we examined the impact on an ocean state estimation of assimilating a dataset of subsurface ocean currents derived from Argo floats. Our focus in this paper is on how this assimilation affected the representativeness of volume transport in an ocean state estimation in conjunction with basin-scale circulation.

2. Data and Methods {#sec2}
===================

2.1. Mapped Argo Drift Data {#sec2.1}
---------------------------

Katsumata and Yoshinari \[[@B9]\] derived the global map of geostrophic velocity "G-YoMaHa" from drift data of Argo floats at their parking level (<http://www.jamstec.go.jp/ARGO/argo_web/G-YoMaHa/index_e.html>). [Figure 1](#fig1){ref-type="fig"} shows the resulting velocity field at a depth of 1000 dbar. Because data for global oceanic velocities are sparse for subsurface levels, the Argo data provide important observational information for subsurface velocity fields, although it should be noted that the G-YoMaHa dataset includes typical errors of 3.0 × 10^−2^ m s^−1^.

2.2. Ocean Data Synthesis System {#sec2.2}
--------------------------------

The data synthesis system was developed as a part of the K7 consortium between the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) and Kyoto University. The ocean general circulation model (OGCM) applied to this system was based on version 3 of the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model (MOM) \[[@B10]\]. The horizontal resolution is 1° in both latitude and longitude, and the global ocean basin has 46 vertical levels. The data synthesis method is based on a four-dimensional variational (4D-Var) strong constraint approach \[[@B11]\], with adjoint code from the global OGCM. This system seeks the optimal solution (the best time trajectory of the model results) by synthesizing the OGCM results and observational data within the framework of the model formalism and thus provides a dynamically self-consistent dataset \[[@B12], [@B13]\].

We made two ocean state estimations, the first one using the G-YoMaHa subsurface ocean velocity field at 1000 dbar from Argo drift data ([Figure 1](#fig1){ref-type="fig"}) as input (the GY case) and the second one, not using G-YoMaHa, as a control case (CT). The weight of assimilation was determined on the basis of information on uncertainty provided by Katsumata and Yoshinari \[[@B9]\]. The assimilation window was the 8-year period from 2000 to 2007. The other numerical implementations and experimental settings, inclusive of input data, were the same as those reported by Kouketsu et al. \[[@B13]\].

3. Results {#sec3}
==========

The zonal velocity field in the GY case at a depth of 1000 m (approximately 1000 dbar; [Figure 2](#fig2){ref-type="fig"}) is in basic agreement with that of G-YoMaHa ([Figure 1](#fig1){ref-type="fig"}). This is not a trivial result in a strong constraint 4D-Var approach, where the model is assumed to be perfect. The two velocity fields are consistent in their overall pattern and magnitudes. There are some discrepancies in the open ocean region, particularly in the Southern Ocean, but the GY field is generally acceptable as a basic ocean state, considering that the uncertainties are on the order of 1.0 × 10^−2^ m s^−1^ and that these include the intrinsic error arising from the sparseness of the data \[[@B9]\].

[Figure 3](#fig3){ref-type="fig"} shows the difference in barotropic volume transport function between the GY and CT cases. The volume transport is calculated by integrating the depth-integrated meridional velocity. There are particularly large differences in regions in the North Pacific centered on 10°N and 40°N, which are relevant to intensification of the North Equatorial Current and reduction of the Kuroshio extension, as well as in some local regions around the Drake Passage and in the northern North Atlantic.

These results show that the assimilation of G-YoMaHa data has a subtle impact on the modeled gyre circulation of the North Pacific. The locations affected are likely related to the measurement depth (in this case 1000 dbar), although further investigations are required to clarify this point.

[Figure 4](#fig4){ref-type="fig"} shows the difference between the GY and CT cases in zonal velocity across longitude 180° in the upper 1500 m of the water column. The corrections in the velocity field are greatest (more than 1.0 × 10^−2^ m s^−1^) in the upper 400 m between 10°N and 40°N in the North Pacific. This change is largely consistent with the results for the stream function in [Figure 3](#fig3){ref-type="fig"}. We here evaluate the velocity field in the GY case by comparing it to a vertical section of annual mean zonal geostrophic velocity at 137°E that was calculated by Zhai and Hu \[[@B14]\] from water temperature and salinity observations by the Japan Meteorological Agency (JMA). Our experiment does not directly synthesize this velocity field, although we include a fraction of the JMA observations as assimilated elements. In this vertical section, incorporation of the G-YoMaHa data generally deepens the major current systems in the upper 500 m depth range by dozens of meters (red and blue curves in [Figure 5](#fig5){ref-type="fig"}). This tendency improves our model\'s consistency with observations (gray curves), particularly in the region between 14°N and 26°N, and hence it may improve the state estimation.

The water temperature field is also influenced by the assimilation of the subsurface current data, in particular in the upper North Pacific (the white outline in [Figure 6(a)](#fig6){ref-type="fig"}). For instance, in the upper 600 m of the water column between 30°N and 40°N, the subsurface water temperature in the GY case is 0.6--1.0 K cooler than in the CT case owing to the changes in the circulation. We validated our synthesis results against water temperature and salinity observations from the dataset Grid Point Value of the Monthly Objective Analysis using Argo data (MOAA GPV) \[[@B15]\]. MOAA GPV is a comprehensive dataset based on subsurface observations, which was not directly used in our data synthesis. [Figure 6(b)](#fig6){ref-type="fig"} shows that water temperature in the GY case (red curves) is closer to MOAA GPV (gray curve) than in the CT case (blue curve) and is by and large consistent with MOAA GPV in the region where the influence of assimilation is greatest (gray outline).

The salinity field displays the same tendency as the temperature field ([Figure 7](#fig7){ref-type="fig"}). The North Pacific Intermediate Water, characterized by a salinity minimum of 34.2, is better reproduced in the GY case. These results again imply that assimilation of mapped subsurface current data can improve the quality of ocean state estimations, not only in velocity but also in other physical parameters.

[Figure 8](#fig8){ref-type="fig"} demonstrates how our data synthesis system generated these differences in the North Pacific region. [Figure 8(a)](#fig8){ref-type="fig"} shows that the time series of volume transport by the southward western boundary current across 10°N is similar in both the GY and CT cases, although the mean value in the GY case is 2.0 Sv larger than the mean in the CT case. [Figure 8(b)](#fig8){ref-type="fig"} shows the time series of the northward "baroclinic" Sverdrup volume transport across 10°N \[[@B16]\] calculated using only the estimated wind stress fields in the GY and CT cases under the assumption of a constant phase (group) velocity of baroclinic Rossby waves of 2.9 × 10^−1^ m s^−1^ at the first baroclinic Rossby radius of deformation of 120 × 10^3^ m \[[@B17]\]. Note that this basin-scale adjustment is not expected to be complete before June 2001 under the assumption of such a Rossby wave starting from the eastern boundary at the January 2000 start time of this experiment. The variations are in basic agreement with those for the western boundary current ([Figure 8(a)](#fig8){ref-type="fig"}). The difference in the mean value of baroclinic transport between the GY and the CT cases is 1.8 Sv, which can account for 90% of the difference between the two cases in the western boundary current. This shows that the assimilation of subsurface current data at one specific level effectively offsets the wind stress curl throughout this system.

These two time series also show discrepancies in their interannual variations. For instance, the influence of the assimilation on the western boundary current volume transport is greatest in 2002 ([Figure 8(a)](#fig8){ref-type="fig"}), whereas its influence on the baroclinic transport is at its maximum during 2006-2007 ([Figure 8(b)](#fig8){ref-type="fig"}). The discrepancy may stem from the assumptions underlying the baroclinic transport calculations and also from the definition of the assimilation window and the control variables of the synthesis system. A more detailed discussion of these factors, however, is beyond the scope of this paper.

4. Conclusion {#sec4}
=============

We assessed the impact of adding subsurface velocity data to an ocean state estimation by comparing estimates made with and without the G-YoMaHa dataset. The impact was notable in the North Pacific region, for instance, as an intensification of the gyre circulation at 10°N, achieved through the nearly complete correction of wind stress curl in conjunction with the baroclinic oceanic adjustment. Although our results may depend on specifics of the model platform such as its formalism, physical schemes, or resolution, the incorporation of subsurface current data even at one specific level can improve ocean state estimations at the basin scale. Further work along these lines may enable us to identify the key levels to be monitored and the optimal requirements for measurement instruments to be deployed in the future.
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![Annual mean zonal velocity at 1000 dbar (eastward is positive) derived from Argo drift data during 2000--2010 \[[@B9]\].](TSWJ2014-975618.001){#fig1}

![Estimated mean zonal velocity during 2001--2007 at a depth of 1000 m in the GY case.](TSWJ2014-975618.002){#fig2}

![Difference in the mean barotropic volume transport function (in sverdrups) during 2001--2007 between the GY and CT cases (color) and mean value of barotropic volume transport function for the CT case (contours).](TSWJ2014-975618.003){#fig3}

![Difference in mean zonal velocity (10^−2^ m s^−1^) during 2001--2007 between GY and CT cases (color) and mean value for the CT case (contours) in a 1500 m vertical cross section along longitude 180°.](TSWJ2014-975618.004){#fig4}

![Mean zonal velocity (10^−2^ m s^−1^) during 2001--2007 for the GY (red curves) and CT (blue) cases in a 1000 m vertical cross section along longitude 137°E. Gray curves show the climatological geostrophic velocity field calculated by Zhai and Hu \[[@B14]\].](TSWJ2014-975618.005){#fig5}

![(a) Difference in mean water temperature (K) during 2001--2007 between GY and CT cases in a 1500 m vertical cross section along longitude 180°. (b) Mean water temperature for GY (red curves) and CT (blue) cases in a 1500 m vertical cross section along longitude 180°. Gray curves are mean values from the MOAA GPV observation dataset \[[@B15]\].](TSWJ2014-975618.006){#fig6}

![(a) Difference in salinity during 2001--2007 between GY and CT cases in a 1500 m vertical cross section along longitude 180°. (b) Mean salinity for GY (red curves) and CT (blue) cases in a 1500 m vertical cross section along longitude 180°. Gray curves are mean values from the MOAA GPV observation dataset \[[@B15]\].](TSWJ2014-975618.007){#fig7}

![Time series of (a) the estimated southward volume transport (in sverdrups) of the western boundary current across 10°N and (b) the northward "baroclinic" Sverdrup volume transport at 10°N \[[@B16]\].](TSWJ2014-975618.008){#fig8}
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